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[57] ' ABSTRACT

Collision 1mpacts between meshing gears in a speed
reduction mechanism 11 of an elevator system due to
backlash during transitions between power/driving and
regenerative/driven modes of operation are reduced by
detecting the actual or approaching separation of the
gear teeth, and in response thereto temporarily reduc-
Ing the motor torque to correspondingly reduce the
equalized relative speed difference between the input
and output shafts of the mechanism. Tooth separation
may be detected by sensing a difference in amplitude
between signals proportional to the input and output
shaft speeds, equalized in accordance with the gear
ratio, or by sensing a polarity change in the motor drive
current. The motor torque may be reduced by the relay
controlled switching of resistors 40, 43 in a speed con-
troller to thereby convert the function of an operational
amphtier 435 therein from a first order time lag circuit to
an integrator.

17 Claims, 20 Drawing Figures
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' METHOD AND APPARATUS FOR REDUCING
" GEAR BACKLASH IMPACTS IN AN ELEVATOR
SYSTEM

BACKGROUND OF THE INVENTION

- This invention relates to a control method and appa-
ratus for an elevator system with a cage driven by a
motor, and more particularly to a control mechanism
for preventing an elevator cage from vibrating.

- U.S. Pat. No. 4,030,570 discloses an apparatus for
accurately controlling the speed of an elevator drive
motor by means of speed and current feedback circuits.

Although worm gears are generally used as reduction
gears for elevator hoisting apparatuses, they not only
- have a low power transmission efficiency but also tend
- to needlessly consume power. As a result, the more
recent trend 1s to use parallel axis speed reducers having
helically cut gears.

Referring to FIGS. 1 through 4, a conventional ele-
vator speed control apparatus using parallel axis reduc-
tion gears will be described. The block diagram ar-
rangement of FIG. 1 comprises a speed command gen-
erator 1 for generating a speed command signal 1a, an
adder 2 for generating an error or deviation signal 2q by
collating the speed command signal 1¢ with an actual
‘speed feedback signal 10a, a speed controller 3 for gen-
erating a torque command signal 3a by, inter alia, ampli-
fying the output of the adder 2, an adder 4 for generat-
ing a deviation signal by collating the torque command
signal 3a with a current feedback signal 94, a torque
controller 5 for generating an ignition signal Sa corre-
sponding to the output of the adder 4, a thyristor con-
~verter 6 for generating a d.c. variable voltage output
“based on a firing angle controlled by the ignition signal
Sa and comprising a pair of three-phase, full-wave,
- forward/inverse rectifying circuits formed by thy-
ristors, an armature 7 of a d.c. motor controlled by the
converter, a shunt field system 8 for the motor, an arma-
ture current detector 9 for generating the current feed-
- back signal which is proportional to the motor torque, a
tachometer generator 10 for generating the speed feed-
back signal, a speed reducer 11, an input shaft 11A
formed by extending the shaft of the motor, a drive
sheave 12 fixed to an output shaft 111 of the speed re-
ducer, a main cable 13 wound on the sheave, a cage 14
coupled to one end of the cable, and a counterweight 15
coupled to the other end of the cable. The operation of

the FIG. 1 system is fully conventional if not self-evi-

~ dent and will not be described in detail.
The sectional view of the speed reducer in FIG. 2
~shows a first helical gear 11B fixed to the input shaft
11A, a parallel intermediate shaft 11C mounting a sec-
ond helical gear 11D meshing with the gear 11B and a
third helical gear 11E, a parallel intermediate shaft 11F
mounting a fourth helical gear 11G meshing with the
~gear 11E and a fifth helical gear 11H, and a parallel
output shaft 11 carrying a sixth helical gear 11J mesh-
ing with the gear 11F.

FIG. 3(a) shows a waveform of the speed signal 10q
during the upward operation of the cage 14 without
load; FIG. 3(b) a waveform of the corresponding cage
~acceleration; and FIG. 3(¢) a waveform of the corre-
- sponding torque command signal 3a.

S1of FIG. 3(c) represents a region wherein the motor
armature 7 i1s power running and S» regions wherein the
armature 1S regeneratively running or braking. The
motor torque 1s switched from regeneration to power-
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2
ing at time t; and from powering to regeneration at time
t2. At these times the engagement of the helical gears
with one another in the speed reducer 11 is changed
because of backlash. Consequently, the impacts shown
by the arrows in F1G. 3(b) are transmitted to the cage
14 and impair the riding comfort of the passengers.
F1G. 4 shows enlarged versions of the regions at time
t1 of FI1G. 3, with FIG. 4(a) illustrating the speed of
revolution 11Aa of the input shaft converted into that of
the intermediate shaft 11C, and the speed of revolution
11Ca of the intermediate shaft; FIG. 4(b) showing the
acceleration 11Ab of the input shaft, the acceleration
11Cb of the intermediate shaft, and thus the acceleration
of the unloaded cage 14 when it moves upwards upon
release of 1ts friction brake due to the pull of the coun-
terweight; FIG. 4(c) showing the waveforms of the
torque command signal 3¢ and the motor torque T;
FIG. 4(d) showing a changing engagement between the
hehical gears 11B and 11D during which the tooth 11Ba

of the gear 11B is disengaged from the tooth 11Da of

the gear 11D and contacts the next tooth 11Db.
Assuming that the cage 14 is at rest without load and
starts to move upwardly, the tooth 11Ba of the helical
gear 11B remains in contact with the tooth 11Da of the
helical gear 11D up to time ty;. Positive motor torque T
1s generated at this time, and when the acceleration of
the input shaft 11A exceeds the acceleration of the inter-
mediate shaft 11C the tooth 11Ba separates from the
tooth 11Da. As a result, the speed of revolution 11Ca
and the acceleration 11Cb of the intermediate shaft drop

off. When the tooth 11Ba subsequently engages the

tooth 11Db, the collision energy is determined by the
relative speed difference Av between the helical gears
11B and 11D, and when this difference is large the
collision impact generates abnormal vibrations which
impair passenger comfort. |

These collision impacts are obviously compounded
by the other helical gear pairs 11E, 11G and 11H, 11J,
though reference has only been made to the gears 11B
and 11D.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a
control method and apparatus for an elevator system
which achieves greatly improved ride comfort by buff-
ering immpacts caused by the backlashes of the gears and
thus prevents these shocks from being applied to the
elevator cage.

To accomplish this object the arrangement according
to the mvention detects the point at which the engage-
ment of the gear teeth 1s changed due to backlash in the
speed reducer, and 1n response thereto reduces the tim-
ing variations for the torque command signal to the
motor and thus the relative speed difference or Av be-
tween gears 1n the speed reducer when they collide to
thereby buffer impacts.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 is a block diagram of a conventional control
apparatus for an elevator system.

FIG. 2 1s a transverse sectional view of the speed
reducer of FIG. 1.

F1GS. 3(a)-3(c) are graphical representations explan-

atory of the operation of the control apparatus of FIG.
1.

FIGS. 4(a)-4(d) are graphical representatlons explan-
atory of the details of FIG. 3.
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FIG. § 1s a simplified diagram of a control apparatus
for an elevator system according to the present inven-
tion 1llustrating its essential components.

FIG. 6 1s a circuit diagram of FIG. 5.

FIG. 7 is a circuit diagram of a speed controller used
in the invention.

FIGS. 8(a)-8(d) are graphical representations illus-
trative of the operation of FIGS. §-7.

FIG. 9 is a circuit diagram of another embodiment of

the mvention corresponding to FIG. 6.
FIG. 10 1s a circuit diagram of the differentiator of

FIG. 9. |

FIG. 11 1s a circuit diagram of still another embodi-
ment of the invention corresponding to FIG. 6.

FIG. 12 1s a block diagram of a further embodiment

of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to the embodiment of FIGS. 5-8, for brev-
ity it is assumed that the helical gear 11B fixed to an
input shaft 11A directly engages the helical gear 11J
fixed to the output shaft 111 in a speed reducer 11.

FIGS. § and 6 show a control apparatus including a
speed detector 20 for producing.an output 20a corre-
sponding to the speed of revolution of the input shaft
11A, a speed detector 21 for producing an output 21a
-corresponding to the speed of revolution of the sheave
"12 or output shaft 111, resistors 22-29, operational am-
plifiers 30, 31, diodes 32, 33, a transistor 34, a speed
- difference detection relay 35 formed with a mercury
contact relay (contacts will be shown in FIG. 7), a
positive power supply 36, and a negative power supply
37. The operational amplifier 30 and the resistors 22-24
function as, inter alia, a comparator, and the operational
amplifier 31, the resistors 25-28 and the diodes 32, 33
function as, inter alia, an absolute value circuit.

FIG. 7 shows a speed controller including normally
closed contacts 35a, 350 of the speed detection relay 35,
resistors 40-43, a capacitor 44 and an operational ampli-

S fier 45.

In operation, the speed detectors 20, 21 produce the
outputs 20a, 21a corresponding to the speed of revolu-
tion of the input shaft 11A and that of the output shaft
111, respectively. The resistances Rjz, Ra3 of the resis-
tors 22, 23 are selected such that;

R23/Ryy =k,

where k: speed reduction rate of helical gears 11B, 11J.
While the teeth of the gears 11B, 11J contact each other
as shown 1n FIG. 4(d), the two resistively proportioned
inputs to the operational amplifier 30 will be equal and
the output 30a of the amplifier will be zero. As men-
tioned above, however, the speed of the input shaft 11A
relative to that of the output shaft 111 changes when the

teeth of the helical gears 11B, 11J separate from each.

other, and a difference will occur between the two
inputs to the operational amplifier 30 and its output 304
will indicate a positive or negative value. In other
words, the resistors 22, 23 constitute a level conversion
circuit for matching the levels of the outputs 20q, 21a.
The output 31a of the operational amplifier 31 never
indicates a negative value due to the diodes 32, 33 at its
inputs, irrespective of the polarity of the output 30a.
When the teeth of the gears 11B, 11J are engaged
with each other and the output 30a of the amplifier 30 is
zero, the output 31ae of the operational amplifier 31 is
also zero and the transistor 34 remains non-conductive.
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4
The contacts 35q¢, 350 (FIG. 7) are closed since the
speed difference detection relay 35 is deenergized.
Under these conditions the operational amplifier 45
operates as a time lag circuit of the first order, and the
deviation signal 2a¢ is amplified to become the torque
command signal 3a.

When the teeth of the gears 11B, 11J subsequently
separate and thereby change the relative speed of the
input and output shafts 11A, 111, making the output 30a
value of the operational amplifier 30 positive or nega-
tive, the output 31a of the operational amplifier 31 be-
comes positive and renders the transistor 34 conductive.
The speed difference detection relay 35 is thus ener-
gized and opens its contact 355 so that the operational
amplifier 45 now functions as an integrator. At the same
time the contact 35a is opened, whereby the resistor 40
1s inserted and the torque command signal 32 changes in
accordance with the ratio between the resistances 40,
43.

The aforementioned operation may be seen in FIG. 8,
wherein the speed difference detection relay 35 is as-
sumed energized at 11 and deenergized at t12. The initial
torque command signal 1s represented by 3al1, and an-
other by 3a2 when the speed difference detection relay
35 1s energized as the contacts 354, 356 open. The slope
of the torque command signal 3¢2 can be varied by the
resistor 40. The torque command 3a3 is a smooth reset
signal after the relay 35 is deenergized at t1.

When the separation of the teeth of the gears 11B, 11J
1s thus detected, the torque command signal 3a2 is pro-
duced and the acceleration 11Ab of the motor armature
and input shaft 11A is reduced. Accordingly, the rela-
tive speed Av; of the input shaft 11A to that of the
output shaft 111 1s sharply reduced in comparison with
that of FIG. 4, and the backlash impact caused by the
re-contact of the teeth of the gear 11B with those of the
gear 11J decreases, thus improving the ride comfort.

FIGS. 9 and 10 show a modification of the invention,
wherein the outputs 20a, 21a of the speed difference
detectors 20, 21 are fed through differentiators 50, 51 to
produce acceleration signals 50g, $1a. The remaining
functions correspond to those described above. As
shown in FIG. 10, the differentiator 50 (and 51) com-
prises an operational amplifier S0A, a capacitor S0B and
resistors S0C-30E.

FIG. 11 shows still another modification, wherein a
monostable element 60 (for instance, SN74LSI23N of
Texas Instrument) whose output will remain high for a
certain time if the input thereto becomes high is inserted

between the operational amplifier 31 and the resistor 29.

Although reference has been made to the use of d.c.
motors in the above examples, a.c. induction motors
may also be used.

FIG. 12 1s a block diagram illustrating a further em-
bodiment of the invention wherein a powering con-
verter 102 and a regenerative converter 103 are con-
nected to a feeder 101 of the threephase a.c. power
supply in parallel, a smoothing condenser 104 and a
transistor inverter 105 are connected across the output
terminals of the converters in parallel, and an induction
motor 106 1s connected to the inverter 105. A detection
circuit 127 detects the direction in which the d.c. cur-
rent Id flows between the converters and the inverter,
such detection circuit having an input terminal for re-
ceiving a signal from a d.c. current detector 128, an
input terminal 130 for receiving a bias signal as de-
scribed later, resistors 131, 132 connected to the input
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termmals, and a comparator element 135 having an
Input terminal for receiving a signal through the resis-
tors 131 or 132 and another inupt terminal connected to
ground through a resistor 133. The detection circuit 127
generates an output when the d.c. current Id changes its
direction of flow from positive to negative or vice versa
(to be more precise, when it represents a specific posi-
tive or negative value close to zero). The circuitry also
includes an absolute value circuit 136, a timer 137 such
as a msmv for outputting a drive signal for a predeter-
mined time in response to an output from the absolute
value circuit, and a mercury contact relay 138 energized
by the output of the timer 137. The relay 138 controls
the normally closed contacts 35z and 356 in the speed

-~ controller of FIG. 7. |
The changes in the speed, acceleration and torque

- command . in this embodiment are the same as those

shown in FIGS. 8(a), 8(b) and 8(c), as are the changes in
the excitation of the relay 138.

When the operating mode is changed from power to
regenerative running the d.c. current Id changes its
direction of flow as it crosses the zero point and the
current direction detecting circuit 127 detects such
change and produces an output which triggers the timer
137 through the absolute value circuit 136. The timer
produces an output for a predetermined time T roughly
equal to that required for the teeth of the gears 11B, 11J
to break and reestablish contact with each other, which
energizes the relay 138 for a time T as shown in FIG.
- 8(d). This opens the contacts 35¢ and 356 in FIG. 7,
which attendantly reduces the torque command, accel-
eration and speed difference between the input and
output shafts to thereby minimize the collision impact
upon gear teeth reengagement as described above.

In addition to varying the slope of the torque com-

mand signal 3¢2 by changing the value of the resistance

40 as described earlier, the bias signal applied to termi-
- nal 130 in FIG. 12 may also be changed to vary the time
at which the relay 138 is excited. For instance, this bias
signal may be set to provide a desired degree of “ad-
vance triggering” as the current Id approaches zero to
thereby compensate for the usual inductive and switch-
ing delays in the circuitry.

What is claimed is:

1. In an elevator system including a drive motor (7),
a sheave (12) carrying a cable (13) having an elevator
cage (15) suspended from one end and a counterweight
(14) suspended from another end, and a speed reduction
mechanism (11) comprising a first helical gear (11B)
fixed to an output shaft (11A) of the motor and a second
helical gear (11J) fixed to an input shaft (11I) of the
sheave and operatively meshing with the first gear, a
method for reducing collision impacts due to backlash
during transitions between power/driving and
regenerative/driven modes of operation, comprising
the steps of:
(a) detecting a separation between teeth of the first

and second gears, and
(b) reducing the torque applied to the output shaft by

the motor in response to the separation detection to

attendantly reduce a relative speed difference be-

tween the output and input shafts and thereby
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the gear teeth. | o
2. A method according to claim 1, wherein the sepa-
ration detection is implemented by:

6

(a) generating first and second signals proportional to
the respective rotational speeds of the input and
output shafts, |

(b) attenuating said signals in proportion to a gear
ratio of the speed reduction mechanism to produce
third and fourth signals of equal amplitude when
the input and output shafts are rotating at the same
speed, and

(c) sensing a difference in amplitude between said
third and fourth signals.

3. A method according to claim 1, wherein the sepa-
ration detection is implemented by sensing a change in
the polarity of a current applied to the motor.

4. In an elevator system including a drive motor (7),
a sheave (12) carrying a cable (13) having an elevator
cage (15) suspended from one end and a counterweight
(14) suspended from another end, and a speed reduction
mechanism (11) comprising a first helical gear (11B)
fixed to an output shaft (11A) of the motor and a second
helical gear (11)) fixed to an input shaft (111) of the
sheave and operatively meshing with the first gear, an
apparatus for reducing collision tmpacts due to backlash
during transitions between power/driving and
regenerative/driven modes of operation, comprising:

(a) means for detecting a separation between teeth of
the first and second gears, and

(b) means for reducing the torque applied to the out-
put shaft by the motor in response to the separation
detectian to attendantly reduce a relative speed
difference between the output and input shafts and
thereby soften collision impacts upon the re-
engagement of the gear teeth.

S. An apparatus according to claim 4, wherein the
separation detection means comprises:

(a) means (20, 21) for generating first and second
signals proportional to the respective rotational
speeds of the input and output shafts,

(b) means (22, 23) for attenuating said signals in pro-
portion to a gear ratio of the speed reduction mech-
anism to produce third and fourth signals of equal
amplitude when the input and output shafts are
rotating at the same speed, and

(c) means (30) for sensing a difference in amplitude
between said third an fourth signals.

6. An apparatus according to claim 4, wherein the
separation detection means comprises means for sensing
a change in the polarity of a current applied to the
motor.

7. An apparatus according to claim 4, wherein said
speed reduction mechanism comprises a plurality of
parallel axis shafts including said input and output
shafts, and a plurality of helical gears fixed respectively
to the shafts, including the first and second gears, and
directly meshing with one another in pairs.

8. An apparatus according to claim 4, wherein the
torque reducing means comprises:

(a) an operational amplifier (45) for generating an
output torque command signal (3a),

(b) means coupling a speed deviation signal (22) to an
input of the amplifier,

(c) impedance means (40, 43) connected in series and
in parallel with the amplifier, and

(d) relay switch means (35a, 35b) operatively con-
nected with the impedance means for converting

- the operational mode of the amplifier from a first
order time lag circuit to an integrator.

9. An apparatus according to claim 5, wherein the

torque reducing means comprises:
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(a) an operational amplifier (45) for generating an
output torque command signal (3a),

(b) means coupling a speed deviation signal (2a) to an
input of the amplifier, |

(c) impedance means (40, 43) connected in series and
in parallel with the amplifier, and

(d) relay switch means (35a¢, 35b) operatively con-
nected with the impedance means for converting
the operational mode of the amplifier from a first
order time lag circuit to an integrator.

10. An apparatus according to claim 6, wherein the

torque reducing means COmprises:

(a) an operational amplifier (45) for generating an
output torque command signal (3a),

(b) means coupling a speed deviation signal (2a) to an
input of the amplifier,

(¢c) impedance means (40, 43) connected 1n series and
in parallel with the amplifier, and

(d) relay switch means (352, 35b) operatively con-
nected with the impedance means for converting
the operational mode of the amplifier from a first
order time lag circuit to an integrator.

11. An apparatus according to claim 9, wherein:

(a) the attenuating means comprises resistors (22, 23)
weighted in proportion to the gear ratio, and

(b) the sensing means comprises a comparator (30),
and further comprising:

(c) an absolute value circuit (31) connected to an
output of the comparator via oppositely polarized
diodes (32, 33), and

(d) a relay (35) energized by an output of the absolute
value circuit for controlling the switch means.

12. An apparatus according to claim 11, further com-
prising a monostable element (60) connected between
the absolute value circuit and the relay.

13. An apparatus according to claim J§, further com-
prising differentiating means (50, 51) connected be-
tween the generating means and the attenuating means.
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14. An apparatus according to claim 5, wherein the
motor is an a.c. induction motor (106), said elevator
system further comprises a converter (102, 103) for
converting an a.c. input current into a d.c. output cur-
rent, a smoothing condenser (104) connected across an
output of the converter, and an inverter connected to
the converter output for converting the d.c. output
current thereof into an a.c. output current for the mo-
tor, and wherein the sensing means is coupled to the
converter output.

15. An apparatus according to claim 14, wherein the
sensing means COmMprises:

(a) a current detector (128),

(b) a comparator (135) having a first input connected
to an output of the current detector and a second
input connected to ground,

(c) an absolute value circuit (136) connected to an
output of the comparator, and

(d) a relay (138) energized by an output of the abso-
lute value circutit.

16. An apparatus according to claim 18, further com-
prising means (130) for applying a biasing signal to the
first comparator input to enable the detection of an
approaching separation between the gear teeth.

17. An apparatus according to claim 15, wherein the
torque reducing means comprises:

(a) an operational amplifier (45) for generating an

output torque command signal (3a),

(b) means coupling a speed deviation signal (2a) to an
input of the amplifier, |

(c) impedance means (40, 43) connected in series and
in parallel with the amplifier, and

(d) relay switch means (352, 35b) operatively con-
nected with the impedance means for converting
the operational mode of the amplifier from a first
order time lag circuit to an integrator, said switch

means being controlled by said relay.
3 * * ¥ %
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